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CNRS-Université Joseph Fourier, F-38027 Grenoble cedThe healthy sweetener isomaltulose is industrially produced from the conversion of sucrose by the
sucrose isomerase SmuA from Protaminobacter rubrum. Crystal structures of SmuA in native and
deoxynojirimycin complexed forms completed with modeling studies unravel the characteristics
of the isomaltulose synthases catalytic pocket and their substrate binding mode. Comparison with
the trehalulose synthase MutB highlights the role of Arg298 and Arg306 active site residues and sur-
face charges in controlling product speciﬁcity of sucrose isomerases (isomaltulose versus trehalu-
lose). The results provide a rationale for the speciﬁc design of optimized enzymes.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Themarket for alternative sweeteners holds considerable poten-
tial with the rising health concerns on diet, obesity and cardiovascu-
lar diseases. Among the complex array of new compounds,
palatinose is the only low and slow insulinaemic and glycemic car-
bohydrate that provides prolonged energy supply. Further, its
‘tooth-friendliness’ and a sensory proﬁle very similar to that of su-
crose, opens up interesting opportunities for food and drink usage
[1]. Present on the Japanese market since 1985, palatinose was re-
cently approved for use in theUS, the EU,Australia andNewZealand.
The current large-scale industrial production of palatinose (iso-
maltulose, a-D-glucosylpyranosyl-1,6-D-fructofuranose) is mainly
carried out using immobilized cells of Protaminobacter rubrum
which is recognized as being safe for food ingredients and which
expresses the sucrose isomerase (SI; EC 5.4.99.11) SmuA [1].
SI’s, identiﬁed in several microorganisms [2–7], catalyze the
isomerization of sucrose into variable amounts of isomaltulose
and trehalulose (a-D-glucosylpyranosyl-1,1-D-fructofuranose) with
the formation of glucose and fructose as by-products. The product
ratio dependsmainly on the bacterial strain but also on the temper-chemical Societies. Published by E
n-Pierre Ebel, UMR 5075 CEA-
ex 1, France.ature, pH and reaction conditions [5]. Crystal structures of two SI’s
with distinct product speciﬁcity and physico-chemical parameters
(Supplementary Table 1) were determined: PalI an isomaltulose
synthase from Klebsiella sp. strain LX3 [6] and MutB a trehalulose
synthase from Pseudomonas mesoacidophila MX-45 [8–10]. They
display a catalytic core and an active site architecture characteristic
of glycoside hydrolase family 13 enzymes. Substrate recognition
and processing as well as the reaction mechanism and speciﬁcity
were earlier investigated for MutB pointing out the important role
of an aromatic clamp (Phe256/Phe280) and of the residues interacting
with the substrate [9]. Such a complete characterization lacks for
isomaltulose synthases. Thus, besides the identiﬁcation by se-
quence and biochemical analysis of the so-called isomerizationmo-
tif RLDRD located in a loop region [11], structural features ruling
out the product speciﬁcity of SI’s remain elusive. Identiﬁcation of
the parameters determining the product ratio is crucial for optimiz-
ing the enzyme efﬁciencies. SmuA from P. rubrum produces 85%
isomaltulose, a minor quantity of trehalulose, monosaccharides
and eventually isomaltose. Controlling and reducing the amounts
of side reaction products within the isomaltulose production cur-
rently remain a considerable industrial problem.
We therefore solved the crystal structures of SmuA in its native
state and in complexwith the competitive inhibitor deoxynojirimy-
cin at 1.95 and 1.7 Å resolution, respectively. Compared to the cor-
respondingMutB/deoxynojirimicyn structure [9], this ﬁrst complex
structure provides insights into the substrate binding mode inlsevier B.V. All rights reserved.
Table 1
Summary of reﬁnement statistics.
Native SmuA SmuA/deoxynojirimycin
Rfactor
a/Rfreeb (%) 17.9/22.4 17.1/19.7
Content of the asymmetric unit
Residues 558c 558c
Water molecules 699 696
Ligandd – Deoxynojirimycin
Rms deviation
Bonds lengths (Å) 0.013 0.010
Bond angles () 1.60 1.60










with k, a scaling factor.
b Rfree was calculated as the Rfactor but from a test set constituted by 10% (native
SmuA) or 5% (SmuA/deoxynojirimycin) of the total number of reﬂections randomly
selected.
c No electron density was observed for the ﬁrst 15 residues of the mature protein.
d In addition, eight ethylene glycol molecules and one citrate anion were located
in both structures.
Fig. 1. Structure of the SmuA/deoxynojirimycin complex. (A) Ribbon presentation
of SmuA with the subdomain couloured in red, the N-terminal catalytic domain in
green and the C-terminal domain in yellow. Catalytic residues are highlighted in
pink and the deoxynojirimycin inhibitor bound in subsite 1 is shown as a stick
representation. (B) Close-up on the active site. 2Fobs  Fcalc electron density map for
the deoxynojirimycin is contoured at 1r.
S. Ravaud et al. / FEBS Letters 583 (2009) 1964–1968 1965isomaltulose synthases. With the structures of PalI and MutB, these
data show general characteristics of the SI’s as well as typical and
speciﬁc structural features linked to the product speciﬁcity.
2. Materials and methods
2.1. Crystallization, data collection and processing
Cloning, expression, puriﬁcation, crystallization, collection and
processing of native data were described [12]. The SmuA/deoxy-
nojirimycin complex was obtained by co-crystallization in the
crystallization buffer used for the native enzyme. Micro-crystals
of native SmuA were used for microseeding in 24 h pre-equili-
brated sitting drops containing 10 mM deoxynojirimycin. Diffrac-
tion data (Supplementary Table 2) were processed with XDS [13].
2.2. Structure determination
The structure of SmuA was solved by molecular replacement
(AMoRe) [14] using PalI as search model [6]. The SmuA/deoxynoj-
irimycin structure was subsequently solved by direct phasing
using the reﬁned native structure. Models were reﬁned using
CNS [15], alternating with manual building (TURBO-FRODO) [16]
and validated (PROCHECK and WHATCHECK) [17,18]. Reﬁnement
statistics are listed in Table 1. Figures were prepared with PyMOL
[19] and GRASP [20].
Atomic coordinates and structure factors have been deposited
in the Protein Data Bank (accession codes 3GBD and 3GBE).
3. Results and discussion
3.1. Overall structure
The SmuA crystal structure shows the typical topology of GH13
enzyme structures with a three domain organization as described
for PalI and MutB [6,9] (Fig. 1A). The central (b/a)8-barrel domain
at the N-terminus comprises residues 16–119 and 190–493, the
loop rich subdomain encompasses residues 120–190 and residues
494–573 form two antiparallel b-sheets at the C-terminus. The
overall structure of SmuA is highly similar to those of PalI and
MutB with rmsd’s of 0.63 and 0.69 Å, respectively, between the
native structures in agreement with the sequence identities of
76.3% with PalI and 69.6% with MutB (Supplementary Fig. 1).3.2. Catalytic pocket interactions network
The azasugar derivative deoxynojirimycin, a known inhibitor of
carbohydrate processing enzymes [21], showed a strong inhibitory
effect on the isomaltulose synthase activity (Ki of 10 lM). As for
MutB, deoxynojirimycin was used to probe the active site of SmuA
1966 S. Ravaud et al. / FEBS Letters 583 (2009) 1964–1968and to mimic the oxocarbenium ion transition state [9]. In a 1.7 Å
resolution structure one molecule of deoxynojirimycin was
unequivocally located and oriented in the active site subsite 1
(Fig. 1A and B). As observed previously for MutB, native and inhib-
itor complex structures of SmuA are nearly identical (rmsd of
0.27 Å), indicating that protein–carbohydrate interactions do not
inﬂuence the overall structure. Upon deoxynojirimycin binding,
rearrangements however occurred within the active site with
Phe270 and Phe294 undergoing a concerted movement of 1–1.5 Å
at the Cb levels. Glu268 (proton donor), Arg298 (part of isomeriza-
tion motif, see below) and Arg429 turned slightly away from the
inhibitor position.
MutB/deoxynojirimycin and SmuA/deoxynojirimycin structures
are highly similar (rmsd of 0.64 Å). A backbone shift of 2.5 Å is
observed at the Na80–Na800 level. Located at the entrance of the
catalytic pocket, this region was previously highlighted as being
mobile in MutB [9] and this movement may have a direct impact
on the pocket volume. The orientation and the position of the
inhibitor ring and its interaction with the protein are nearly iden-
tical in the MutB and SmuA complexes (Fig. 2A, Supplementary
Table 3). The binding is mediated by 13 direct hydrogen bonds
and by stacking to Tyr78. The nucleophile Asp214 and the catalytic
Asp342 perform strong interactions with respectively N-5 and O-2
of the ligand, while the proton donor Glu268 interacts only via a
water molecule. The putative catalytic water, Wat1021, is also
conserved.
Besides a different orientation of the Glu268 side-chain, the most
striking difference between the two complexes concerns Arg306
which is located next to the entrance of the pocket delimiting sub-
site +1. In MutB the Arg306 (Arg291 according to MutB numbering)
side-chain adopts an orientation similar to that in native SmuA. In
SmuA/deoxynojirimycin one additional conformation is seen in the
electron density. The side chain of this second rotamer is oriented
in the opposite direction, pointing towards the active site (distance
of 1.8 Å between Cf atoms of the two rotamers). Superimposition
of SmuA/deoxynojirimycin onto the MutB inactive mutant E254Q/
sucrose revealed that in SmuA this orientation would allow an
additional interaction with O-40 of the sucrose fructosyl moiety.
Hence, this movement might be a prerequisite for recognitionFig. 2. Structural comparison of sucrose isomerase active sites. (A) Superimposition of Sm
in green and orange, respectively. Catalytic residues (SmuA, pale pink; MutB, pink), resid
clamp Phe residues (SmuA, pale grey; MutB, dark grey) and the isomerization motifs R
highlighted. Deoxynojirimycin, perfectly superimposed in SmuA and MutB complexes
sequence numbering. (B) Close-up on the aromatic clamp. Catalytic residues of native M
counterparts in MutB/deoxynojirimycin (in ball-and-stick), native SmuA, SmuA/deoxyno
pale pink, red, yellow, blue and green, respectively. Residues are labelled according to Sand/or further stabilization of the fructose ring for isomaltulose
synthases.
We generated a 3D molecular model (Supplementary data) and
analyzed the interaction network between SmuA and its substrate.
All MutB E254Q/sucrose interactions [9] are retrieved in the model
(Supplementary Fig. 2A). Though, no direct or indirect interactions
between Arg306 and the sucrose molecule are seen, the model indi-
cates that Arg306 certainly may adopt several conformations and
that such an interaction is plausible in term of distance and
geometry.
3.3. Aromatic clamp residues
Structural studies of MutB revealed an aromatic clamp, Phe256/
Phe280 (MutBnumbering) of signiﬁcant importance in substrate rec-
ognition and reaction speciﬁcity [9], which is conserved in SmuA
(Phe270/Phe294). Comparing structures and models of SmuA indi-
cates that the aromatic clamp always moves in a concerted manner
andadopts several conformations as in theMutB structures (Fig. 2B).
These observations stress the importance of the clamp for all
sucrose isomerases. The clamp is obviously not a direct determi-
nant of the isomaltulose/trehalulose product ratio since it is con-
served in both isomaltulose and trehalulose synthases, but is a
key player in the catalytic mechanism controlling/modulating the
entrance/exit of the substrate/product. It might determine in direct
line with the kinetics parameters of the enzyme, the time that the
substrate stays in the pocket and favors or penalizes the tautomer-
ization event required for trehalulose formation.3.4. Isomerization motif
Earlier, 298RLDRD302 was deﬁned as the isomerizationmotif [11].
Mutations of the four charged residues were shown to inﬂuence the
enzyme kinetics and product speciﬁcity of PalI and SmuA [11,22]. It
was proposed, based on modeling studies, that this motif and espe-
cially the two arginines may be involved in fructose binding [22].
Despite sequence differences, the motifs in MutB (284RYDRA288),
SmuA (298RLDRD302) and PalI (325RLDRD329) structures superim-uA/deoxynojirimycin and MutB/deoxynojirimycin active sites. Structures are shown
ues interacting with the inhibitor (SmuA, pale blue; MutB, dark blue), the aromatic
LDRD/RYDRA (SmuA, purple; MutB, cyan; in addition with that of PalI, yellow) are
, is presented in yellow ball-and-sticks. Residues are labelled according to SmuA
utB are coloured in black and Phe residues (in double conformation) in pink, and
jirimycin, SmuA/sucrose and SmuA/isomaltulose models and PalI are shown in cyan,
muA sequence numbering.
Fig. 3. Molecular surfaces at the entrance of the catalytic pockets coloured as a function of the electrostatic potentials (red, negative and blue, positive charges): (A) MutB, (B)
SmuA and (C) PalI.
S. Ravaud et al. / FEBS Letters 583 (2009) 1964–1968 1967posed well especially at the Arg levels which are conserved in all
sucrose isomerases (Fig. 2A and Supplementary Fig. 3).
The structure of MutB-E254Q/sucrose and the present study
clearly show that the non-conserved L299 and D302 point away from
the active site and that the two Arg’s are not directly involved in
the interaction with the fructosyl moiety of sucrose, neither with
the glucosyl moiety. Interestingly, the molecular model of SmuA/
isomaltulose (Supplementary Fig. 2B) suggests a signiﬁcant rear-
rangement at the +1 sub-site after isomerization and predicts a di-
rect interaction between the fructosyl moiety of isomaltulose and
Arg298, thus suggesting a possible role in the last step of the cata-
lytic reaction rather than in substrate recognition.
A deletion one residue downstream the 284RYDRA288 motif in
MutB resulted in a rather large difference in the backbone and side
chains conformations of residues 303–306 (SmuA numbering) be-
tween isomaltulose synthases and trehalulose synthases which
partially disturb the salt bridge network in the catalytic pocket
(Supplementary Table 4, R306–E401). The highly efﬁcient and iso-
maltulose speciﬁc Pantoea dispersa enzyme possesses a slightly dif-
ferent motif RLDRY preceded by a proline. The relative ﬂexibility of
the motif might therefore be involved in the efﬁciency and in spec-
iﬁcity variations between the different enzymes.
3.5. Charge distribution
Analysis of the charge distribution at the surface of SmuA, PalI
and MutB showed signiﬁcant differences at the active site entrance
(Fig. 3). MutB is more negatively charged than the two isomaltu-
lose synthases and some positive patches differ between the en-
zymes. A number of arginines located in the vicinity of the active
site are either involved in hydrogen bond interactions with the
substrate, the reaction intermediates and the product or in salt
bridges of the catalytic pocket. Slight perturbations in the charge
balance may therefore inﬂuence the interaction network and the
pocket geometry. Consequently, stabilization of the fructosyl
moiety after the hydrolytic step and the product ratio could be
affected, explaining the results described [11,22]. Increased stabil-
ization of this sugar moiety would prevent tautomerization and
favour formation of isomaltulose.
We have solved two 3D-structures of the P. rubrum sucrose
isomerase, SmuA, which is the industrially used enzyme due to
its high product speciﬁcity and to the fact that P. rubrum is
accepted as safe for food ingredients. Taken together, our analyses
and comparative studies with existing structures show that the
sucrose isomerases product speciﬁcity determinants are subtle.
No difference was observed at the subsite 1 between isomaltu-
lose and trehalulose synthases. At the +1 subsite, Arg298 and
Arg306 which are not directly involved in substrate recognition
may contribute to further stabilization of the fructose ring for iso-
maltulose synthases. They could therefore be envisioned as targets
for the design of rationally modiﬁed enzymes. Although a link
between the Vmax values and the product speciﬁcity can not beexcluded (mutations of the RLDRD motif lead to a strong decrease
of Vmax [11,22]), the surface charges at the catalytic pocket level
appeared as key parameters in line with the inﬂuence of the pH
on the catalytic reaction [5].
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